We report on an order of magnitude enhanced nonlinear response of vanadium dioxide thin film patterned with nanoresonators -nano slot antennas fabricated on the gold film. Transmission of terahertz radiation, little affected by an optical pumping for the case of bulk thin film, can now be completely switched-off: ΔT/T-0.9999 by the same optical pumping power. This unprecedentedly large optical pump-terahertz probe nonlinearity originates from the insulator-to-metal phase transition drastically reducing the antenna cross sections of the nanoresonators. Our scheme enables nanoscale-thin film technology to be used for all-optical switching of long wavelength light. 
Introduction
Nonlinearities in optics have been of considerable interest for both science and engineering, for instance in quantum-to-classical transition and in all-optical switching or optical computing [1, 2] . In most nonlinear materials, the complex index of refraction can be written as where n and  are, respectively, the real part of the refractive index and the absorption coefficient, both of which experience pump-induced nonlinear changes [3] [4] [5] . Thin layers of semiconductors and strongly correlated electron systems have been powerful candidates for all-optical switching devices at long wavelength regime, due to their excellent optical properties such as fast carrier dynamics and pumpinduced large nonlinearity.
For the thin film, however, despite the large nonlinearity, corresponding nonlinear response ΔT/T (the ratio between the differential transmission and the transmission through the film) is too small, limiting potential photonic applications because nearly constructive multiple interference in the thin film tends to push the transmittance towards unity [6] even when the thin film dielectric constants are large. In other words, the product of the pumpinduced change of the absorption coefficient   and the film thickness or nonlinear interaction length L is much less than one [4, 5] . For example, the optical constants of a few μm-thick semiconductor thin films are dramatically changed at terahertz range by optical pumping, but the corresponding transmission or reflection change is just a few percents [7] [8] [9] . Consequently, to have a huge transmission change, all the way to the complete extinction case of ΔT/T1 induced by optical pumping, one should force the effective nonlinear response L   to be close to one.
In this regards, many attempts were made to overcome the small nonlinear response of thin film. Forming a composite of one material with another, which has different optical characteristics compared with the previous one, is a common approach to induce enhanced nonlinearity in the visible and the near infrared regime [10] [11] [12] . For the longer wavelength regime, one effective way is to fabricate metamaterials on semiconductor substrates. Since the resonance wavelength and also transmission are strongly affected by the refractive index of the substrate [13] , patterning of the rectangular hole arrays on a thin film can enhance performance of the devices at the shape resonance. In particular, a factor of 2~5 improvement, compared with bare film, in nonlinear response was achieved by fabricating metallic antenna structure arrays [14] [15] [16] . However, the perfect transmission control of the long wavelength light is essential to fully utilize the excellent optical properties of the thin film, for instance for Fourier optical, spatial and temporal pulse shaping or a terahertz filter [17] [18] [19] . In this work, we show that the absolute switching of terahertz electromagnetic wave with optical pump can be achieved by fabricating nanoresonators [20] whose width is in nanometer scale, on a vanadium dioxide (VO 2 ) thin film.
Experimental results and discussions
Vanadium dioxide (VO 2 ), a strongly-correlated compound, undergoes first-order insulator-tometal phase transition at critical temperature T c = 340 K [21, 22] . This phase transition is reversible and during this transition, the crystal structure changes from monoclinic at low temperature to rutile at high temperature [ Fig. 1(a) ]. The conductivity jumps by several orders of magnitude and optical constants experience large changes through this transition [23, 24] , which can also be induced optically or electrically [22, [25] [26] [27] . Our 100-nm-thick VO 2 thin films were grown on 430-μm-thick C-plane Al 2 O 3 substrates by radio-frequency magnetron sputtering method whereas the sol-gel method is used to grow 25-nm-thick VO 2 thin films on the same substrate [28] [29] [30] . Terahertz time-domain spectroscopy (THz -TDS) is a powerful tool to detect the insulator-to-metal phase transition in VO 2 since THz wave is quite sensitive to the free carrier response [31] [32] [33] . Our THz -TDS system has a spectral range from 0.1 to 2.0 THz. The output of a 130 fs Ti:sapphire mode-locked laser (coherent Mira) and a semi-insulating GaAs emitter biased with 50 kHz and 150 V square voltage pulses are employed to generate a single-cycle THz pulse. Electro-optic detection method is chosen to measure the transmitted time-domain signals. After Fourier transforming time traces, we obtain transmitted amplitude and phase information [34] [35] [36] [37] . We firstly measure the THz transmittance of our bare VO 2 thin films as a function of temperature [ Fig. 1(b) ]. We attach our sample on a reference aperture of 1 mm by 1 mm [38] and control the temperature using a heater. The temperature of the sample is monitored by reading the resistivity of thermistors (SEMITEC 104JT-015). Transmittance at T = 310 K is used as a reference. Figure 1 (b) shows a typical hysteresis curve of the normalized transmittance (filled (empty) circles for temperature up (down)) at a selected frequency, 0.4 THz, which exhibits the critical temperature T c at 345 K. In metallic state, the complex index of refraction is deduced from the transmitted THz wave to be about i 86 85  at 0.4 THz, in good agreement with earlier works [23, 24] . To enhance the optical nonlinearity, we pattern the μm-and nm-width resonators, forming periodic array of slot antennas, using electron beam lithography [20] on a 100-nm-thick gold layer deposited on VO 2 /Al 2 O 3 [39] . Figure 2 (a) shows a scanning electron microscopy (SEM) image of our sample patterned with 350-nm-width nanoresonators. The length of each resonator is fixed at L = 150 μm. The horizontal period of the rectangle hole array is 100-μm and the vertical period 180-μm. The 27-μm-width sample has the same periodicities. In order to induce optical nonlinearity, we excite our samples using 2.33 eV continuous wave laser (532 nm wavelength) focused onto a 1.5 millimeter spot size covering the whole pattern area [ Fig. 2(b) ] and measure the THz transmission while raising the optical pumping power. The incident THz polarization is along the short side of the resonators. Figure 2 (c) compares time-domain transmission signals for the un-patterned (top) and the nano-patterned (bottom; w = 350 nm) sample with (red line) and without (blue line) pump. For the un-patterned sample, the two terahertz pulses can be hardly distinguishable, indicating no significant transmission change up to 500 mW of absorbed pumping power. The absorbed power is deduced from the incident power subtracted with the reflected and transmitted power (A = 1-R-T) for bare and patterned samples, respectively. In stark contrast to the bare film case, for the nano-patterned sample, the transmitted signal, which displays quasi-periodic feature due to the fundamental half wavelength resonance [40, 41] , completely disappears with the same pumping power. Transmission spectra shown in Fig. 2(d) , obtained from fast Fourier transforming time-domain signals with increasing pump power, display the strong resonant feature being turned-off until no transmission remains. Resonance frequency 0.375 THz is dictated by the antenna length and VO 2 index of refraction at the insulating phase [13, [42] [43] [44] . Since the horizontal period of our rectangular hole arrays is subwavelength, the spectrum does not include any Rayleigh minima [45, 46] . Displayed in Fig. 3(a) are differential transmissions at 0.375 THz for bare (filled gray triangle), w = 27 μm (filled blue square) and w = 350 nm (filled red circle) patterned samples, as a function of the excitation power. While only 50% change in transmission is seen for the bare sample at the maximum pumping power, over 99.99% extinction is clearly visible for the w = 350 nm sample. Comparing the differential transmission of μm-size sample with that of nm-size one shows that nano-patterned case gives rise to much more drastic extinction with increasing photo-excitation power. Meanwhile, differential transmission as a function of pump power becomes more gradual as the slot width decreases. 375 THz due to optical pump for unpatterned (filled gray triangle) and nano-patterned (filled red circle) samples, respectively. The absorption coefficients of the bare film are estimated from the amplitude and phase information of the transmitted terahertz wave [34, 47, 48] . We use the same method with the patterned sample regarding the patterned gold layer together with VO 2 thin film as a homogeneous material. For the bare film, the nonlinear responses are always less than 0.2 explaining the small terahertz transmission modulation. However, the effective nonlinear response of the nano-patterned sample is hugely enhanced and exhibits quite different feature compared with the un-patterned case. Nonlinear response of the nanopatterned sample is always larger than that of the un-patterned one but it suddenly increases at some critical pumping power, 350 mW, indicating optical pump-induced insulator-to-metal phase transition, and finally reaches the value of 0.7. Further reducing the thickness of the VO 2 thin film from 100 nm to 25 nm gives even more dramatic results when comparing the patterned and un-patterned samples. Figure 4 shows the differential transmissions for the 25-nm-thick bare VO 2 film (filled gray triangle) and 200-nm-width slot antenna patterned sample (filled red circle), measured at 0.42 THz, respectively. We can hardly see any change due to optical pumping for the un-patterned sample while near perfect switching performance is observed with the patterned sample. Clearly, this result shows that our novel strategy, nano-size patterning, to enhance the optical nonlinear response, can also be applicable to the ultra thin film corresponding to ~λ/30,000.
To better understand the physical origin of enhanced nonlinear response, we have carried out finite-difference time-domain (FDTD) method modeling using asymptotically varying grid sizes [49] . We use show the time-averaged electric-field intensity for λ = 34.48 μm in the presence of patterned VO 2 film without and with optical pumping, respectively. Simulation results explain how our nano-patterned sample can enhance the nonlinear response. A single nanoresonator located at the center has 100-nmwidth and 10-μm-length with λ = 34.48 μm as the fundamental resonance wavelength. Since the rectangular hole strongly attracts surrounding electromagnetic waves and funnels them ( Fig. 5(a) ), electric field inside the hole is hugely enhanced, and such field enhancement keeps increasing with decreasing rectangle width at the resonance [38, 43, 44] . Electrostatic energy stored in tiny volume of the narrow slots results in enhanced far-field transmission for the insulating VO 2 [38, 42] . In stark contrast, when the underlying film becomes metallic, it effectively shuts off the resonator and eliminates funneling effect resulting colossal transmission extinction (Fig. 5(b) ). These FDTD simulations well explain the role of nanoresonators for enhanced nonlinear response at least qualitatively 
Conclusion
In conclusion, we have demonstrated that VO 2 thin film with nm-width rectangular apertures comprises a new class of metamaterial achieving orders of magnitudes improvement in extinction with modest photo-excitation power, overcoming multiple-interference in thinfilms. Strongly localized near field in the resonators induces the enhanced far-field transmission for the insulating VO 2 while the resonators are completely inoperative when the underlying VO 2 film becomes fully metallic, making perfect transmission control possible. Corresponding giant enhanced nonlinear response L   reaches 0.7 with 350-nm-width patterned sample, despite ultrathin film thickness. Room temperature carrier lifetime of the order of picosecond for VO 2 [22, 23] strongly suggests the potential use of nano-patterned VO 2 thin films for all-optical switching having huge dynamic range. Our new scheme bridges the gap between thin film technology, nanotechnology and active metamaterials research.
